ABSTRACT: The purpose of this investigation was to provide a full set of normal data describing neural biomechanics within the vertebral canal in all three planes with unilateral and bilateral SLR tests to allow for clinical comparison with clinical cases. This is done following the notion that, due to neural continuum, tensile forces are transmitted through the lumbosacral nerve roots and dura to the conus medullaris (linear dependency principle). In this controlled radiologic study 10 asymptomatic volunteers were scanned with 1.5T magnetic resonance scanner (Siemens Magnetom Aera, Erlangen, Germany) using different scanning sequences for planning and for measurement purposes. Conus displacement in both antero-posterior direction (sagittal slices) and lateral direction (axial slices) was quantified during unilateral passive left, right SLR, and bilateral SLR and compared with the position of the conus in the neutral (anatomic) position. It is shown that the conus medullaris displaced laterally and anteroposteriorly in response to unilateral and bilateral SLRs. Pearson's correlations were higher than 0.95 for both intra-and inter-observer reliability. The observed power was higher than 0.99 for all the variables tested. Following this, the authors conclude that lateral and antero-posterior displacement of conus medullaris into the vertebral canal occurs consistently with unilateral and bilateral SLRs following directions predicted by tension vectors. Summative information collected in this line of research in neuroradiology is here presented. We believe we have presented the first conclusive and complete full set of normal data on non-invasive, in vivo, normative measurement of spinal cord displacement with the SLR ever presented. ß
Physical tests for nerve root tension signs have been designed to aid the diagnosis of intervertebral disc (IVD) herniation causing lumbar radiculopathy. Of those, the straight leg raise (SLR) test is the most consistent, reliable, and valid in detecting intervertebral disc herniations verified at surgery. [1] [2] [3] [4] [5] It is generally accepted that the SLR tests the mechanical behavior and mechanosensitivity of the sciatic nerve by applying mechanical tension mainly on L5 and S1 nerve roots. The maneuver operates by the lifting of the patient's lower limb with an extended knee. However, the mechanical effects on the nerve roots in response to the test are still a matter of ongoing consideration.
In several cadaver studies, 1,3,6-8 the L5 and S1 nerve roots were shown to displace caudally relative to the adjacent bone between 2 and 8 mm with the unilateral SLR. Similar amounts were confirmed intraoperatively by Kobayashi et al. in 2003 and 2010 . 4, 5 However, in 2007, Gilbert et al. proposed that nerve root movement is limited by foraminal ligaments.
There is consensus on the direction of neural movement in the spine (caudal). However, several aspects that remain unresolved are the magnitude of this effect, the specific mechanisms that produce it (i.e., whether bone moves around nerve, vice versa, or a combination) and the multiplanar nature of the movement.
Following the hypothesis that the mechanism of cord movement with the SLR is through tensile forces transmitted between the sciatic nerve and nerve roots, recently non-invasive in vivo magnetic resonance-based studies on asymptomatic subjects demonstrated caudal displacement of 2.33 AE 1.20 mm in the conus medullaris with the unilateral SLR and 4.58 AE 1.48 mm with the bilateral SLR, both tests to 50˚hip flexion. 9, 10 Similar results were shown with the use of 3D spc scanning methods with a different device and at increased hip flexion degrees of SLR. At 60˚SLR the conus caudal displacement increased to 3.54 AE 0.87 mm and 7.42 AE 2.09 mm with bilateral SLR. 11 Essentially, the conus displacement with the bilateral SLR doubled that of the unilateral. This phenomenon was explained by the "principle of linear dependence" which incorporates the hypothesis in which, due to the structural continuum of neural tissues in which the lumbosacral neural roots are directly connected via the cauda equina to the spinal cord, and in which the tensile forces can be transmitted throughout these neural structures and the dura, the magnitude of conus medullaris displacement is proportional to the displacement of L5 and S1 nerve roots. Moreover, the mechanism seems to be also dependent on the number of nerve roots involved, with twice the amount of movement produced through twice the number of nerve roots involved in the movement (i.e., unilateral and bilateral SLRs).
In relation to bony movement, another study by the same authors showed that, even if reciprocal movements between the spinal cord and the surrounding vertebrae are likely to occur, conus displacement with SLR is primarily due to transmission of tensile forces through the neural tissues and that magnitude of neural displacement prevails over spinal canal adjustment. 12 However, after having shown the direction and amount of conus medullaris displacement with unilateral and bilateral SLRs both at 50˚and 60˚, and in order to provide a full set of normal data that can be used for comparison with clinical patients, it remains to be elucidated whether the conus displaces also laterally and anteroposteriorly into the spinal canal in response to SLRs.
Following this, the aim of this investigation is to provide a full set of normal data of conus medullaris displacement within the vertebral canal in all three planes with unilateral and bilateral SLR tests to allow for clinical comparison with patients. Using the same methods as in previous studies 11 of in vivo measurement of spinal cord displacement with the unilateral and bilateral SLRs in asymptomatic subjects, we further measured (i) antero-posterior (AP) and (ii) lateral (LL) cord displacement during the passive unilateral and bilateral SLRs and compared it with its position in the neutral (anatomic) position.
If conus medullaris displacement were shown to follow directions predicted by tension vectors, this would highlight important aspects of predictability of such movements that can be used in comparison with clinical cases in relation to pathology grading.
METHODS
Level of evidence for primary research question for Diagnostic studies investigating a diagnostic test: Level III.
Subjects
Following the results of a pilot study considering the dimensions of the scanner (Siemens Magnetom Aera 1.5T, Erlangen, Germany), it was calculated that subjects taller than 183 cm were needed to allow performance of the SLR in the scanner, permitting at least 60˚of unrestricted hip flexion.
11
As before, 11 a total of 11 volunteers were recruited and screened for eligibility, one of whom met the exclusion criteria (Table 1 ) and was thus excluded from the study. Ten asymptomatic volunteers ranged from 20 to 32 years (mean age 25.1 AE 3.9 years), height 186.7 AE 2.9 cm, BMI 24.22 AE 3.92, were included in the study.
In accordance to earlier studies, [9] [10] [11] asymptomatic volunteers were chosen in order to make use of the normal situation providing normative measurements and avoid potentially confounding variables such as local impairments or neural dysfunctions that may occur in a symptomatic population.
All aspects of work that involved human patients was conducted with the ethical approval of the Research Ethical Committee of Kuopio University Hospital, approval number 79/2012. All tested subjects signed an informed consent form and the study was performed in accordance with the Declaration of Helsinki. The individual in this manuscript, Figure 1 has given written informed consent to publish his picture.
Devices
As in previous experiments, 11 subjects lay in supine in a 1.5T magnetic resonance (MR) scanner (Siemens Magnetom Aera, Erlangen, Germany). The imaging area was centered approximately 3 cm proximally from the xiphoid process of the sternum and the coronal images centered at the lower part of the imaging area to T12-L2 anatomic region. The volunteers were scanned using a 32-channel spine matrix coil.
Different scanning sequences for planning and for measurement were used. Coronal, axial, and sagittal slices (slice thickness 1 mm, approximately 70 slices in each plane) were reconstructed from the native T2 weighted spc 3D-sequence sagittal scans using the MPR program available in Sectra PACS workstation (Sectra Workstation IDS7, version 15.1.8.5-2013-Sectra AB, Sweden).
Subject Positioning and Test Movements
In order to explore whether any difference in conus medullaris lateral and antero-posterior displacement would occur between the unilateral and bilateral SLRs, the volunteers were scanned in the following positions in random order and the passive SLR combinations were performed as follows: tigators were required for this in which subjects' legs were raised, one by one, starting from the right, left, or both legs together in a random order (Fig. 1 ).
Due to the MR device architecture with a tube diameter of 70 cm, 60˚(m 59.6˚) of hip flexion was achieved.
Hip flexion was measured with an oil-filled precision goniometer placed on the anterior surface of the distal third of the tibia. This method has been shown to have good intraobserver repeatability during the performance of the SLR 13 and was considered safe to be operated in the MR scanning room, security zone IV.
Each movement was performed twice for evaluation of reproducibility. Three investigators performed the manoeuvres in random order to avoid possible series effects.
Each subjects' cervical spine was always placed in a neutral position so as to avoid producing any positional effects in the spinal cord.
Conus Medullaris Displacement Measurement
Conus displacement in both lateral direction (axial slices) and antero-posterior direction (sagittal slices) was quantified within the vertebral canal during unilateral passive left, right SLR, and bilateral SLR and compared with the position of the conus in the neutral (anatomic) position (Fig. 2) .
Consistent with earlier investigations, 11 measurements were taken twice by the main author, with 2 months between each measurement, and once by co-author (JM) in order to allow for evaluation of intra-and inter-observer reliability.
The two observers independently assessed the conus displacement by first identifying the tip of the conus. The tip was initially identified on the coronal slices and its position concurrently verified on the axial and sagittal slices using the crosshair and localizer tools available in Sectra PACS workstation (Sectra Workstation IDS7, version 15.1.8.5-2013-Sectra AB, Sweden) and in MPR extension. Particular care was taken to identify the origin of filum terminale so as to confirm the location of the tip of the conus.
Lateral Conus Displacement
The displacement of the conus medullaris relative to the left pedicle of the adjacent vertebra was measured on axial slices during unilateral passive left, right SLR, and bilateral SLR and compared with the position of the conus in the neutral (anatomic) position (Fig. 3B ).
Antero-Posterior Conus Displacement
The displacement of the conus medullaris relative to the posterior wall of the adjacent vertebral body was quantified on sagittal slices during unilateral passive left, right SLR, and bilateral SLR and compared with the position of the conus in the neutral (anatomic) position (Fig. 3C) .
As in Rade et al., 9-11 the measurements were made using Sectra PACS program (Sectra Workstation IDS7, version 15.1.8.5-2013-Sectra AB, Sweden).
All the presented metric values were truncated to the next lowest decimal value (4.55 ¼ 4.5) to provide more conservative and reliable data. Summary of exclusion criteria: All the volunteers were screened to be asymptomatic and to have a pain-free and complete range of bilateral movement in the hip, knee, and ankle joints and did not match the exclusion criteria. 
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Statistical Methods
The purpose of the data analysis was to detect any statistically significant differences in conus medullaris position between the reference position and the tested manoeuvres, right, left, and bilateral SLR.
A two-tailed hypothesis that the conus would displace in response to SLRs versus no change was tested.
As in previous investigations, [9] [10] [11] Pearson correlation between the displacements found in two scans of the same maneuvers performed on each subject was calculated as well as for inter-and intra-observer reliability.
Having found strong correlation between the measures from different scans of the same maneuvers performed on each subject, as well as high correlations between different measurements performed by different observers on those scans, it was decided to average all the available measurements when presenting the mean values and their standard deviations, in order to present the results as accurately and conservatively as possible.
Student's t-test was used to test the significance of medullar displacement during SLR maneuvers in relation to the position found in the reference scans. The Alpha level was set at p < .05.
Owing to the relatively small data sample (N ¼ 20) it was postulated that the data distribution is leptokurtic, thus 95% Confidence Intervals (95% CI) were calculated using t distribution.
The Observed Power was calculated on the data using t distribution, while the minimum number of subjects needed to extract statistically significant results was calculated from the collected data. Statistical analysis was performed using R Program (R Foundation for Statistical Computing, Vienna, Austria), Version 2.15.2 (2012). 
RESULTS
Lateral Displacement
The number of subjects required to produce statistically significant results (p < .05) was 4 for right SLR, 9 for bilateral SLR, and 264 for left SLR.
When compared to the position in the neutral (anatomic) position, the conus medullaris displaced to the left by 0.05 AE 0.29 mm (Mean AE SD) in the spinal canal with the left SLR (p 0.634, 95% CI AE 0.029), by 0.52 AE 0.23 mm to the right with the right SLR (p .001, 95% CI AE 0.347), and by 0.37 AE 0.34 mm to the left with a bilateral SLR (p .008, 95% CI AE 0.243) (Fig. 4) .
The Pearson correlations, as well as observed ranges and results for the observed power are presented in Table 2 .
Antero-Posterior Displacement
The number of subjects required to produce statistically significant results (p < .05) was six for right SLR, five for left SLR and four for bilateral SLR.
When compared to the position in the neutral (anatomic) position, the conus medullaris displaced consistently toward the anterior wall of the spinal canal by 0.55 AE 0.34 mm with the right SLR (p .0001, 95% CI AE 0.367), by 0.74 AE 0.36 mm with the left SLR (p .0001, 95% CI AE 0.438) and by 0.82 AE 0.38 mm with a bilateral SLR (p .0001, 95% CI AE 0.546) (Fig. 5) .
The Pearson correlations, as well as observed ranges and results for the observed power are presented in Table 3 .
DISCUSSION
We investigated in vivo lateral and antero-posterior spinal cord displacement in the thoracolumbar vertebral canal during the clinically applied unilateral right and left SLR, and bilateral SLR in asymptomatic subjects in order to obtain a full set of normal data that will provide a better understanding of mechanical behavior of the neural tissues of this clinically important region and allow for clinical comparison.
The results showed consistent and reproducible displacement of the conus medullaris in lateral and antero-posterior directions in response to unilateral and bilateral 60˚SLRs following directions predicted by tension vectors. However, due to its significantly low magnitude (<1 mm) it may be that this displacement is not clinically relevant. It is presumed that such displacement occurs through transmission of tensile forces throughout the nerve roots and dura mater, and that vertical conus displacement significantly prevails over lateral and anteroposterior. From the summation of evidence in this line of research in which the conus has been shown to displace in the vertical axis by 3.54 AE 0.87 mm with unilateral SLR and 7.42 AE 2.09 mm with bilateral SLR to 60˚hip flexion, 11 a model explaining neural adaptive movements in the spinal canal can be constructed using graphical representation of tension vectors (Fig. 6) .
Owing to mechanism of force transmission through the lumbosacral nerve roots to the conus, the verticality of the cauda equina and the negligible transverse components, the displacement of the conus in the vertical direction dominates displacement in axial plane (AP and lateral) (Fig. 6) .
From the accumulation of the data in this line of research [9] [10] [11] [12] 14 it emerges that (i) the conus medullaris moves consistently in a caudal direction in response to SLR 9, 11 (ii) that due to the neural continuum, this displacement is primarily due to direct transmission of forces through the lumbosacral nerve roots and the adjacent dura to the spinal cord 12 (iii) when tensile forces are transmitted through the neural system as in the clinical SLR, the magnitude of conus medullaris displacement prevails over the amount of bone adjustment 12 (iv) that the conus medullaris vertical displacement with unilateral SLR is doubled by the bilateral SLR so that that the displacement may be proportional to the concomitant events of L5 and S1 nerve roots and dependent on the number of nerve roots involved in the movement (i.e., unilateral and bilateral SLRs) with twice the force being transmitted to the conus with bilateral SLR (principle of linear dependence), 10, 11 (v) a small amount lateral and anteroposterior displacement into the vertebral canal occurs consistently with unilateral and bilateral SLRs but this appears to be negligible (vi) that conus vertical displacement prevails over the AP and lateral (vii) that conus displacement is correlated with the degree of hip flexion, with more displacement occurring with higher degrees of hip flexion, 14 (viii) that reciprocal movements between the spinal cord and the surrounding vertebrae are likely to occur during SLR, 12 (ix) when tensile forces are transmitted through the neural system as in the clinical SLR, the magnitude of conus medullaris vertical displacement prevails over the amount of bony adjustment 12 (x) it seems selfevident that SLR tests in conjunction the mechanical behavior (neural adaptive movements) and mechanosensitivity of the sciatic nerve by applying mechanical tension on the sciatic nerve and its nerve roots.
As it is possible that pain is provoked when there is a restricted range of motion of neural structures relative to their interface mostly due to tensile stress acting upon those neural structures, in our opinion, it is possible that the sliding of neural structures in the vertebral canal may indeed represent a protective mechanism which preserves the spinal cord and neural roots from excessive strain. If this were true, the preservation of free sliding of the neural structures in the vertebral canal, along with the associated meninges, might indeed be a requirement for maintaining an asymptomatic spine.
9-11
CONCLUSIONS
In this final article of this line of research investigating normal mechanical behavior of the spinal cord, we have shown that, in the in vivo asymptomatic situation, the conus medullaris displaces in all three planes; axial, sagittal, and coronal, with the clinically applied unilateral and bilateral SLR in a manner generally predicted by tension vectors. These movements proved to be consistent and reproducible and represent findings that may in the future contribute to the development of new diagnostic and therapeutic interventions.
To our knowledge this is the first full set of normal data on non-invasive, in vivo, measurement of spinal cord displacement with the SLR. This now provides some relevant degree of predictability and allows for comparison with patients with different types of spine disorders.
With these results, the authors expect that the sliding of neural structures in the vertebral canal may indeed represent a protective mechanism which preserves the spinal cord and neural roots from excessive strain. If this were true, the preservation of free sliding of the neural structures in the vertebral canal, along with the associated meninges, might indeed be a contio sine qua non for maintaining an asymptomatic spine.
Therefore, possibilities relating to measurement of, and limitation of, such displacement may have future diagnostic value.
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